MATERIALS AND METHODS
[14C]carbofuran (specific activity, 13.3 mCi/mmol; 98% purity), 7-phenol, and 3-hydroxycarbofuran were gifts from FMC Corp. (Middleport, N.Y.). Analytical grade carbaryl (99.4% purity) was a gift from Union Carbide (India) Ltd. (Bombay, India), while 1-naphthol was obtained from E. Merck (Bombay, India).
Isolation of a carbofuran-degrading bacterium. Flooded soil, which was incubated at 35 + 1°C in an incubator, was treated with 50 ,ug of carbofuran per g of soil 6 times at 10-day intervals to enrich the soil with carbofuran-degrading microorganisms (14) . For isolation of the carbofuran-degrading microorganisms from this enrichment culture (14) , 20 ml of a sterile mineral salts (MS) medium (MgSO4 7H.O, * Corresponding author. 0.2 g; K,HPO4, 0.1 g; FeSO4 7H,O, 0.001 g; CaSO4, 0.04 g; distilled water, 1 liter; pH 6.2) supplemented with 20 pLg of carbofuran per ml of MS medium (14) was used as a sole source of carbon and nitrogen. MS medium was inoculated in 100-ml sterile Erlenmeyer flasks with 0.5 ml of the suspension (enrichment culture) from the carbofuran-treated soil and incubated for 5 days for proliferation of carbofurandegrading microorganisms. A bacterium capable of degrading carbofuran was isolated from this enrichment culture by plating it on MS agar medium supplemented with 3% sucrose (MSS) and 10 ,ug of carbofuran per ml of medium. This bacterium was further purified by several transfers on MSS agar medium containing carbofuran (10 ,ug/ml).
Bacterial metabolism of carbofuran. Degradation of carbofuran by the bacterium was studied in MS medium incubated at 35 + 1 and 20 + I°C. Uniformly ring-labeled [14C]carbofuran (2.2 x 105 dpm) was added in acetone to 100-ml Erlenmeyer flasks. After evaporation of acetone to dryness at room temperature, sterile 20-ml portions of MS medium were dispensed into these flasks. After equilibration for 12 h on a rotary shaker, the medium was inoculated with 0.1 ml of the suspension of the bacterium (grown for 4 to 5 days on MSS agar medium) in sterile distilled water (15 x In another experiment, after seven subcultures on carbofuran-free and carbofuran-supplemented agar slants, the bacterium was tested for its ability to degrade unlabeled carbofuran in MS medium as a sole source of carbon and nitrogen, as described above, and the residues were analyzed by gas-liquid chromatography (GLC).
Degradation of carbofuran under aerobic and anaerobic conditions. Degradation of ring-labeled ['4C]carbofuran by the bacterium was studied in MS medium incubated at 35 ± 1°C. Sterile 20-ml portions of MS medium supplemented with ring-labeled [14C]carbofuran (2.0 x 105 dpm), as described above, were inoculated with 0.1 ml of the bacterial suspension in sterile distilled water (>30 x 102 cells). For aerobic conditions provided by the absence of hydrogen and carbon dioxide, the assembly used was the same as that described above, with an inlet and an outlet closed with a pinchcock, for trapping the 14CO2 that evolved. This assembly (both inoculated and uninoculated) was then placed in an incubator that was maintained at 35 ± 1°C. For anaerobic conditions, the inoculated and uninoculated flasks were plugged with cotton and were kept under hydrogen-carbon dioxide in an anaerobic system (Gas Pak; BBL Microbiology Systems, Cockeysville, Md.), as described earlier (2) . At regular intervals, the carbofuran and its metabolites in the aerobic and anaerobic systems and the 14CO2 that evolved from the aerobic system were analyzed.
Metabolism of carbofuran, carbaryl, and carbofuran metabolites. Carbaryl, carbofuran, or carbofuran metabolites (7-phenol and 3-hydroxycarbofuran) were added in acetone to 100-ml Erlenmeyer flasks, and after evaporation of acetone at room temperature, 20-ml portions of sterile MS medium were added to each flask. The MS medium in each flask was inoculated with the bacterial suspension (0.1 ml) in sterile distilled water (30 x 102 cells) and then incubated at 35 + 1°C. At appropriate intervals, duplicate samples of inoculated and uninoculated media were analyzed by GLC for carbofuran, 3-hydroxycarbofuran, and carbaryl. 7-Phenol in duplicate samples (20 ml) was extracted 3 times with 30 ml of chloroform-diethyl ether (1:1, vol/vol) and was estimated by colorimetry after separation by TLC (12) . Duplicate samples of inoculated and uninoculated media that were supplemented with carbaryl were also analyzed by high-pressure liquid chromatography (HPLC) at 8 days to determine the product(s) that was formed during the bacterial degradation of carbaryl.
GLC. The carbofuran and carbaryl remaining in the media (inoculated and uninoculated) of duplicate flasks were extracted by shaking 1 ml of the sample in each flask with 4 ml of ethyl acetate and 1.5 g of dry Na2SO4 for 10 min. Insecticides (carbofuran and carbaryl) and 3-hydroxycarbofuran in the ethyl acetate fraction were analyzed in a gas chromatograph (model 3400; Varian Instruments) equipped with a thermionic nitrogen-phosphorus specific detector by using a 5% OV 101 stainless steel column. Column, injector, and detector were maintained at 205, 240, and 250°C, respectively. The flow rates of nitrogen carrier gas, hydrogen, and air were 30, 3, and 150 ml/min, respectively. Under these conditions the retention times for carbofuran and carbaryl were 1.0 and 1.8 min, respectively. For 3-hydroxycarbofuran the flow rate for nitrogen was 40 ml/min, and its retention time was 1.05 min. The recovery of carbofuran, carbaryl, and 3-hydroxycarbofuran, when they were extracted with ethyl acetate, ranged between 95 and 100%.
HPLC. HPLC was used to quantify the 1-naphthol that was formed during the bacterial degradation of carbaryl. Portions of 3 ml of duplicate samples from inoculated and uninoculated MS media at 8 days were extracted with 3 ml of ethyl acetate. About 1.5 g of Na2SO4 was added to this mixture. The ethyl acetate fraction was air dried at room temperature in a 100-ml beaker. Residues were finally eluted in 2 ml of acetonitrile and then subjected to HPLC (Zorbaxoctadecylsilane column, 4.6 by 250 mm; eluting solvent, 50% acetonitrile in water [pH 2.5]; flow rate, 2 ml/min; UV at 220 nm, model LC-6A; Shimadzu). Quantification of carbaryl and 1-naphthol were based on the peak area and external standards.
Assay of radioactivity. In isotope studies, residues in the medium (20 ml) from each flask were extracted 3 times with 30-ml portions of chloroform-diethyl ether (1:1) (15) and then analyzed by liquid scintillation counting after separation by TLC (14) . The 14CO2 that was absorbed in KOH solution was assayed by liquid scintillation counting as described earlier (14) .
RESULTS AND DISCUSSION Isolation of the bacterium. A carbofuran-degrading bacterium was isolated from the enrichment culture (14) , which was taken from flooded soil incubated at 35°C and repeatedly treated with carbofuran. The bacterium was a strict aerobe, motile, gram positive, non-acid-fast, and non-spore-forming. The cells were largely coccoid or small curved rods (only a few branched cells) throughout the growth cycle when they were maintained on MSS agar slants. In nutrient broth, young cultures (<24 h) showed typical branching of the cells, which formed jointed V, Y, and other, similar formations from the pairs or long dividing cells. However, older (48-h) cultures were largely composed of curved rods or coccoid cells, and branched structures were relatively few. Based on these morphological and other biochemical characteristics, the bacterium was tentatively identified as an Arthrobacter sp. (3) .
Carbofuran degradation by the bacterium in pure culture. The ability of the bacterium to degrade carbofuran as a sole source of carbon and nitrogen was studied in MS medium incubated at 20 and 35°C. The degradation of carbofuran by this bacterium was more pronounced at 35°C than at 20°C. After 48 h, the insecticide concentration in inoculated medium decreased to less than 10% of the original level at 35°C (Table 1) , while no appreciable decrease in its concentration was noticed at 20°C during the same incubation period (Table 2) . However, significant degradation occurred between 48 and 120 h, even at 20°C, and the insecticide level decreased to less than 5% in 120 h after inoculation. The more rapid loss of carbofuran from the inoculated medium at 35°C was certainly not due to its increased volatilization, because at the same temperature the decrease in carbofuran level was negligible in the uninoculated medium. Also, the rapid degradation at 35°C cannot be attributed to pH changes, since the pH in both inoculated and uninoculated media ranged from 6.20 to 6.41 during the 48-h incubation period. Carbofuran is known to be chemically stable at this pH (5 ['4C]carbofuran during the bacterial degradation is due to the formation of methyl isocyanate. We examined whether the bacterium would lose its ability to degrade carbofuran after several transfers on a carbofuran-free medium. The bacterium was subcultured after every 10 days on carbofuran-free and carbofuran-supplemented MSS agar slants. Even after 7 subcultures on the carbofuranfree medium, the bacterium was able to degrade carbofuran with equal ease, as did the culture which was always exposed to carbofuran. During the 72-h incubation period, the concentration of carbofuran decreased from about 18 pLg/ ml at the start to about 12 ,ug/ml at 24 h and to undetectable levels at 72 h in the medium inoculated with subcultures from carbofuran-free and carbofuran-supplemented media. This suggests that the enzyme involved in the degradation of carbofuran is constitutive.
Although in our previous studies we isolated microorganisms that were capable of degrading carbofuran as a sole source of carbon and nitrogen (12, 13, 16) , these microorganisms took 40 days to degrade 60 to 80% of the added insecticide by hydrolysis. Moreover, during its degradation by these microorganisms, most of the ring-labeled 14C in carbofuran accumulated in the medium as 7-phenol, since mineralization of 7-phenol to CO2 was negligible (13) . A Pseudomonas sp. was able to degrade 95% of the added carbofuran in nutrient broth in 30 days at 30°C (4) . It has been shown (6) that, by far, the most rapid degradation of carbofuran is effected by an Achromobacter sp. Growing cells of this bacterium completely hydrolyzed carbofuran within 42 h as a sole source of nitrogen in MS medium supplemented with glucose. 7-Phenol accumulated in stoichiometric amounts, however, with carbofuran disappearing as it resisted further degradation by ring cleavage by both growing and resting cells of this bacterium. From the evidence presented here, growing cells of the bacterium used in this study completely mineralized carbofuran as a sole source of both carbon and nitrogen to 14C02 within a short period (48 to 72 h). This is the first report of such a rapid and complete degradation of the carbofuran molecule to the inorganic end product, C02, in microbial cultures.
Degradation under aerobic versus anaerobic conditions. Under aerobic conditions, carbofuran disappeared rapidly and reached undetectable levels within 72 h of inoculation, with the concomitant evolution of "'CO2. Under anaerobic conditions, however, no appreciable degradation of carbofuran was noticed, even after 144 h, when the insecticide level decreased from 86% at the start to 82% at 144 h. Interestingly, this bacterium was isolated from flooded soil. Although the bulk of flooded soil is predominantly anaerobic, its surface layer and standing water can be aerobic (10) . It is possible that the aerobic conditions that prevail in the standing water and surface layer of flooded soil support the proliferation and activity of this carbofuran-degrading bacterium.
Degradation of carbofuran metabolites and carbaryl. The bacterium readily degraded carbofuran, carbaryl, 3-hydroxycarbofuran, and 7-phenol (Table 3) . 3-Hydroxycarbofuran and 7-phenol almost completely disappeared in 72 and 288 h, respectively. Carbaryl, which was degraded almost at the same rate as carbofuran, also reached undetectable levels within 72 h. HPLC analysis of the samples showed that hydrolysis was the principal route of degradation of carbaryl by the bacterium. At 8 days, no carbaryl was detected in the inoculated medium, while 9.4 p.g of 1-naphthol per ml accumulated in the medium. During the same period, 15.4 p.g of carbaryl per ml was recovered from the uninoculated medium, and 1-naphthol was detected only in trace amounts. Evidently, the bacterium hydrolyzed carbaryl, with the concomitant accumulation of 1-naphthol in large amounts.
From the evidence presented here, the bacterium, which was isolated by soil enrichment at 35°C, appears to possess a greater capacity to mineralize carbofuran at 35°C than at 20°C. This suggests that the biodegradation of carbofuran and other pesticides may proceed at a faster rate under the hot conditions of tropical environments. According to an earlier report (9) , degradation of carbofuran in soils increased with an increase in temperature from 15 
